Analysis of lipid head group binding regions of membrane protein structures
We exploited PDBTM (8) to obtain information about membrane proteins amino acids exposed to lipid head groups. This database lists 2387 transmembrane proteins (June 2015) featured in PDB databank, providing information about their alignment in membrane, and the operations required to reconstitute their biological entity from the crystal structure. These include chain selections, transformation matrices and biomatrix operations needed to obtain a biological assembly aligned along the z axis (bilayer on the xy plane, z=0 being its centre). The database also provides information about half bilayer thickness, hereon z PDBTM. Entries in the database are categorized as being either α-helical or β-sheet proteins. The proteins categorized as β-sheet that were not already categorized as outer membrane based on PDB keywords were manually assigned.
In our analysis we considered only proteins having more than one strand crossing the bilayer, and excluded non-experimental models, which reduced the database to 2063 entries. After aligning the biological assemblies according to PDBTM, we quantified their amount of "basic" (Lys, Tyr, Cys, His) and "acidic" (Glu, Asp) residues that would be in contact with lipid head groups. Full details of the method applied independently to the outer and leaflet are described in Supplementary Methods.
Calculation of electrostatic potentials
Water and other ligands were first removed from all proteins' PDB files. PDB files used were: AmtB 4NH2 (2), FpvA 2O5P (9), MscL 2OAR (10), NavMS 3ZJZ (4), OmpF 3POX (11), VDAC 2JK4 (12) . For every protein structure, protonation states at pH 1 and 12 were obtained using PDB2PQR (13) . Van der Waals radii and partial charges were assigned to every atom according to the AMBER force field. Electrostatic potentials for all resulting protonated structures were then calculated using APBS (14) , with 1.4 Å solvent radius and a temperature of 300 K. The dielectric constant was set to 80. While this will not accurately reproduce the electrostatic potential in the transmembrane region, it is suitable for the examination of solvent exposed regions neighboring lipid heads. Electrostatic potential surfaces were visualized casting the electrostatic volumetric information onto solvent accessible surfaces calculated with VMD.
Native MS
Lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and aliquots were prepared as described elsewhere (2) and stored as stock solution at 1 mg ml -1 at -20 °C.
Membrane proteins were introduced into a Synapt G1 (Waters, UK) (modified for high mass) using gold-coated capillaries prepared in-house (15) . Cone and capillary voltages were respectively typically 1.4 kV and 180 V in positive ion mode, and -1.1 V and -160 V in negative ion mode. For improved transmission of large ions a backing pressure of 4.5-5.5 mbar was applied in the source region. Collision voltage on the trap was varied between 130 V and 180 V and the same collision voltage was maintained in experiments comparing binding ratios between polarities. The activation voltage in the transfer region was maintained at 50 V thought out all measurements. MS data analysis was performed using MassLynx.
High resolution native MS was performed as described elsewhere (16) . Briefly, ions were introduced into a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen Germany) modified for the transmission and detection of high mass ions (17) and optimised for native MS of membrane protein complexes (16) . All spectra were acquired in "Native Mode" with maximum RF applied to all ion optics, -3.2 kV to the central electrode of the Orbitrap and with ion trapping in the HCD cell. Ions were generated in the positive ion mode from a static nanospray source using gold-coated capillaries prepared inhouse (15) . Ions then passed through a temperature controlled transfer tube (40-80 °C), RFlens, injection flatapole and bent flatapole. After traversing the selection quadrupole, which was operated with a wide selection window (1,000-20,000 m/z), ions were trapped in the HCD cell before being transferred into the C-trap and Orbitrap mass analyser for detection. Transient times were 64 ms and AGC target was 1×10 6 . Spectra were acquired with 10 microscans, averaged over 50-100 scans and with a noise level parameter set to 3, slightly lower than the default of 4.68 in order to perform accurate relative quantification. Efficient micelle removal was achieved through increased voltages applied in the HCD cell (150-200 V). No in-source activation was applied. The collision gas was Argon and pressure in the HCD cell was maintained at approximately 1×10 -9 mbar.
Binding of POPG lipid and OBS1 to OmpF was performed as follows: Briefly, OBS1 peptide (NH 2 -2   SGGDGRGHNTGAHSTSG   18 -CONH 2 ) was diluted from a single stock to the desired concentration and mixed with equal volume of OmpF in 200 mM ammonium acetate with 1% (w/v) β-OG immediately before mass measurement. Conditions for nanoESI-MS were verified to generate spectra of sufficient quality to obtain resolved peaks without incurring ligand dissociation. 200 V was applied in the HCD cell with no additional in-source activation.
Data were processed using Thermo Scientific Xcalibur 2.1 and masses calculated using inhouse software (http://benesch.chem.ox.ac.uk/resources.html). Proportions of the components in the mixtures were calculated by summing the intensities of the three lowest charge sates (18-20+) for each component. These were then divided by the sum of all the intensities for the three major peaks for all the series combined.
Current measurements and data analysis
Planar bilayers were formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine alone (DPhPC; Avanti Polar Lipids, Birmingham, AL) dissolved in pentane (Sigma Aldrich) or with a mixture with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG; Avanti Polar Lipids, Alabaster, AL, USA) dissolved in pentane/chloroform mixture (4:1, v/v) (18) .
Both the cis and trans compartments of the apparatus contained 20 mM sodium acetate, 1 M KCl, pH 4.0 (1 mL), at 22.0 ± 1.5 °C. OmpF homotrimers (0.5 L of 33.7 M protein in 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 50 mM LiCl, 1 % (w/v) n-octyl--D-glucopyranoside) were added to the cis compartment (at ground) and incubated until a single porin had inserted into the bilayer. Currents were recorded by using a patch clamp amplifier (Axopatch 200B, Axon Instruments) at a holding potential of +100 mV with a sampling interval of 100 s (10 kHz acquiring frequency) after the cis chamber had been perfused with 20 mM sodium acetate, 1 M KCl, pH 4.0, to remove excess protein. Events analysis was performed after low-pass filtering of the current traces at 100 Hz. Events shorter than 0.5 s or longer than 500 s were ignored.
Coarse-grained molecular dynamics simulations
The MemProtMD pipeline (19) was used to set up MARTINI coarse-grained simulations (20) of AmtB (PDB:1U7G) and OmpF (PDB:2ZFG) in membranes composed of equal quantities of POPC and POPG. In order to simulate protonation of the lipids, the charge on the phosphate beads of POPC and POPG were changed from -1 to 0, resulting in a neutrally charged POPG and a positively charged POPC. Protonation of the protein was simulated by changing the charge of the sidechain beads of aspartic acid and glutamic acid from -1 to 0, and by changing the charge of a single sidechain bead of histidine from 0 to 1 . Deprotonation was simulated by giving histidine, arginine, and lysine sidechain beads a charge of 0. For each molecule, 20 independent coarse-grained self-assembly simulations were set up, five simulating a deprotonated system, five with only lipids protonated, five with only proteins protonated and five with the entire system protonated. Simulations were run for a total of 1 microsecond each and the first 200 nanoseconds discarded to allow the bilayer to self-assemble.
After a 200 ns equilibration, the final 800 ns of each simulation was performed using MDAnalysis. POPC or POPG head-groups within 0.6 nm of side-chains of acidic residues were identified as contacts, and numbers of contacts with POPC and POPG were calculated for each amino acid residue for each simulation frame. Preference for POPG was calculated as the number of frames for which a residue makes contact with a POPG head-group, divided by the number of frames in which a contact is made with head-groups of either lipid. A system-wide POPG preference was then calculated for each simulation as the mean of POPG preferences for all residues contacting lipids in at least 30% of frames. Means for each simulation in the deprotonated and protonated state (n = 5 per state) were compared using student's T-test.
Analysis of lipid head group binding regions of membrane protein structures
The following steps were taken to perform this analysis: 1) Build a dense point mesh (1 Å spacing) around the protein's head group region, representing lipid head groups' location. On x and y axis, the mesh is large enough to encompass all the protein atoms. For inner leaflet, z=[-z PDBTM -t, -z PDBTM ], for outer leaflet z=[z PDBTM , z PDBTM +t], where t =3 Å mesh thickness along z axis. 2) Remove from the mesh all points at less than c=1 Å from the protein, where c is a clashing distance threshold.
3) Launch a DBSCANclustering algorithm (21) on the remaining points. This algorithm considers contiguous points as part of the same cluster. Select only the points sharing the cluster with a mesh corner point: as a result, the selected points completely encircle the protein, without clashing with it. Thus, if the protein is a channel, points located in its central cavity are now removed. 4) Detect all protein atoms within d=4 Å from the mesh, and compute their solvent accessible area (SASA all ) using Shrake-Rupley ("rolling ball") algorithm. Between these atoms, identify the subset part of basic or acidic amino acids. Compute the SASA of both these subsets, and the resulting presence ratios ρ acidic =SASA acidic /SASA all and ρ basic =SASA basic /SASA all .
As a result of following this protocol, every protein is characterized by four numbers, i.e. the presence ratio of basic and acidic amino acids on bottom and top leaflet of the bilayer. This protocol is controlled by three parameters, mesh thickness t, mesh clash distance c and protein-mesh contact distance d. To assess the sensitivity of our protocol to these parameters several runs with different parameter sets were performed, namely [t,c,d] = [3, 3, 5] , [5, 3, 5] , [3, 2.5 ,5] , [3, 3.5, 5] , [6, 3.5, 5] , [6, 3, 5] . By computing mean and standard deviation of all resulting ρ scores, 6.8% of performed measures had a standard deviation above 5 (0.5% above 10). These cases were inspected manually: the difference was always caused by a misdetection of internal cavity by one of the different methods. Parameters used in this work have been chosen as those displaying the smallest deviation from mean. 
